
Abstract,

7 ‘Iii.s ])(1] M?’ (I(!sc?’il)(!s  t)lc (:(17111”[11 .@(Yll d[:sif/lL  coll-

(’(!])/s fo?” L])(, Aim’s Vol(liilcs  (/71(1 Clilrl(l  /(: S’(f?’wllor

(Al l~A C,q) l{olwlic A TIII  w}Ii(:lI  svlIlwI[,q IILC sci(v,i.ijic
7’//’11slifl (lti07i,Y/, Y f (1 k co’11(1’flcikll  (/.s p(ll’1 Oj 1}/(, Mll?’s ,$’71?-
I)(:y  or. ‘{)8 ],(1911(![:T  ~)roj(:(i  Al[)i)cl Soh/f, i[)71S  iI’/c ])?cs(:dd
L() SOTII ( Oj fllr ?Irliq(l(’ 1)7”01)1(!’IILY C7[(:(I?I’11  t(!f”(!(l irl illi.s  d(:-

‘7)I (1//( /;11,//  S1)(1  (X! (l~l])l;  [:(lf ioTL ?ll; i~l ii,$ /i{/}1/  C071Sh’(lZ’71t  <V 011

‘7/1(/,$,S, ])01/1  (:7’, Whll(!, (171(1 mllp’llt  17/,{/ 1’(!so?/7’{:(!s. 1’1’(111-

1(!?//S (1(](]7”(!SS(!(] iild?ld(! /,}1 (! ~-]]oj” jO?”lll(17”(]  ii’lld 21111  CI’SC

l:i)tvl))olics, inlj(cl(n,t] ~Il(J7/7)i//{/  to 7/Li7Li7ilizc  Jwic7/lio/
i7/lJl(lc/ (l(ul~(lflc,  .Iwiy! t (him lff/i7L  ]170i,cct IOT), I,(LTLd(T tilt
pwll(!Tlii07t,  Il(lr’(/(ll(lY’(! f(l’illl, 7rloY1’it[J7’;71  .(/, (/7/(/  Col[isio?l”
(illoi(/(171[T.

K[!ywm’ds

(:0111101,”  IIlillli])lllilt 01’, h~ill%,  101)()( , Il”ilj(’(’t (11’~, 4-1)01’”

1  1]){]’c)(lllc~,;c)]~

1]] J;il)ilii]y of 1999 NASA  ~!rill liIIIIIClJ  tllc MiIIs Sul -
V(’yor ‘9S 1 ,/111(1[,1 S])il(’(’(1’il{t  \Vjt 11 i 11(’ h’ltll’S  \TOl:lt ilcs
:111(] ~;]i]tlal,(! SIII’\wy(IJ  (h I\7A(;  ,S) illt[~p,rdtc(l sc.i(vl(w
])il~]()~l(] ~l!i ])~11~ of 1]1(!  h“fills l’;X])lol~itioIl” I’1’()/,1’illll  [ 1 ] .

‘J’II(!  taI~,(t  lall(lilip, site  is at 710 S latitu(](, l:itc (Iurirlp,
t II(L  Nfill lial) so(ltll(lrll s])lillp, s(::]sml. ‘J’11(,  goal of tllc
Nf\/A(!S ]Ilissioll is to cOII(lU(I  sci(vltific il]l,csti~,:ltic)lls
to:

1.  (lli:]l{lct(’ti7( 111(, sllrf;tc(,  (’ll\rilc)llttl  (l)t;

2. S(}ill (11 fol” ll(!ill-Sill (1((!f p,roIIII(i i(x);

3 .  l)(~t(qj[lill(~ tll(, qll:llltity  of C,’(,)2  ii]](l 1 12 0  ill t,ll(,
soil;

4. l)(,tmlllill(! 11](!  ol)u]t(l;il]c(:  of vol:ltil(:-l)(,:llillg lili]l-
(, Iill S ill 111(: soil:

[). N’a)(li fol” Clillli)t(’ I’(’COI’(Is il] t}l(! fol’111  Of fill(’-sca](’
lay(lil]p, ill 11(’ill -sIll fa(’(’  lnat(xials.

1 .  A  Slllf:(c(’  Stct(:o IItlagcr (SS1) su])])li(d  I)y t,ll(!
lllliv(wity of Ali~,oll~i to cllalact  (lin: tile g(]ic] :il
(!ll\’il’(Jl  llll(Jllt;

‘ 2 .  A  I{olmt ic AI Ill {~allicla (l{A(;) su]q~lic(]  Iy
tll(~ lJl)ivc~sity of Arizmla a]l(] Illc Max-l’ lai I(:k-
IIls(it lit c for ACmIIOIIIy  k)  Jwovi(l[!  clos(:-ra]lgc  sul-
fdcc all(l sul~slllfa((:  iltia~,cs;

4. A hf(,t(()~[)l()g}  l’~](.iii]/,(, (Nfll’;rl’) ail(l Soil ‘l’(liI])(!]-
atul(~ l’rol)c (S’1’1’)  su])])li(d  Iy tll(, ,Ict, l) JO]) Ul -
siol] 1 ,almrat,(ny (J] ’],) t o ]ll(!asllu~ ])mssulc,  Jyilld
S])w(],  a]l(l t mli])mt UN!;

5 .  A  twolll(,t(l 4-1)01”  l{olmtic  A]]II (l{A) sul)])li(xl
l)y ,11’1,  to (li~ IICIICIICS, a c q u i r e  s o i l  saIII])kw,  ])c)-

siti(nl tll(, I{ A(; , ])ositio~l  tIlc ,Soil ‘Ji:lll])(:l;itlllc
l’lol)c,  ]jositi(nl  tllc soil saIII])l(L  fol Ii(:millp; l)y t,l)c
S S 1 ,  al](l (Iqmsit tl](: :I(quiml soil saTII])lc  ill tll(’
‘J’](;GA  fol a)lal~rsis.

‘J’]](I  1 ,alld(Ll sl):i(wlaf(  is }mil)p,  l)liilt by ljockll(x:d M:L]-
t,il) Ast I (nlauti(s.  ‘J’]](, l’rillci]ml 111~’(~sti~,zltc)]  is I’rofcs-
SO]  l)al’i(] 1 ‘aigc of lJ(;  l ,A ~vit II I)roj(,(.t  lllallagc~[l[!ult
])r(nri(le(l I)y ,11’1,.

Sill[(: this is a sJm((I  a])])] icat,iml, tllcr(, arc I,igllt coll-
sbaitlts ml ]tlass, })ON,PI, Volulll (!, all(l Collll)ut,  illp> 1( ’-
sOIII(TS. ‘J’lIc l{olmt ic AI III is allocat(!(] a ]IIass  of 3.bkg
a])d ti ] () lt’at,t, iiJJ(T:l~,C (2. ()\$’  ] )d) ] )olt’(’r h(@. ‘1’llc

11,11 J,://fl)cslll,.  (.ss.ll(la,(,clll/
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l{ol,t)t  ic Al]]) c(,]lh(,l  softuwr(! ~t,ill III]] (,]] a liAI)(iooo
nll]llil]g at bh!lllz i]) a II)ullit:lsl(i]ig  c:ll]’iIc)]tlllc]ll, UII-
(1(~]  t II(L  \J~\17011is~ ol)(:t;it  i]lp, SySt(!III. A(ldit iolli~lly, tlI(,
itll(’p,rat(d  illst,rlllll(!l]t ]MJl(M(i  ]IIalNLS IIlaxirllulll IIS(: of
sul)sysl  (:]]) (l(,sip;l]s  tll:il ll:iw  I)(L(,]I ])mvi(ms]y qualifi(x]
(u) tl](! Mars  l’atllfilt(l(:r ])rogtaltl  to 1 (Yl(lcc c o s t  a]l(l
Illissi(nl lisk. ‘J’l Ic ])ur])os(,  of this  ]m]w] is to ])](!s[,]]1
il](~ (1(’sigl]  (nJ(q)ts of tllo ltol)otic. AMIJ  C()]It  ml Sys-
t(IJt] (I(,li)l(’:]1  ill~ sol)][!  of 11](: Illjiqu(!  l)rol)lmns  CIICmIII-
t(’r(’(1  ill this  a])})  liciltioll.

2  I{,obotic. Am] Syskm  I  hxign

‘J’]](I  l{ol)otic Ar)]l  sysi(]t] (ollsis(,s of n li~,llt,]vcip,llt,
4-l)ol~  lll:llli],(ll:ltol,  AIlii (kn~t]ol  l~,lcct,ro~lics (AC]),)
10 (Iliv(,  111(, IIIOI(JH  a]l(l 1(,:1(1 ill s(l]sor  (laid,  a]t(l 111(,
(’0111] ’01 Sof(,\\r;ll’(!  10 ])r(n’i(l(>  Colllllliill(l (Ixlmtlsio]l,  tl’a-
j(Y.1 (wy gm l(natioll, coIItrd  (c)l)i~)(~lis;  itioll, aII(l  t () ll)olli-

t(.)1’ 1,11(!  S(’11S01” (Iilt:l. Silli(’llt, f(’iltlll’(!S of 1,11(!  llt:tl~iljlll:it,ol
:11 c:

1.

2.

‘;. .

4.

:)

6.

7.

8.

{).

4-1  )01”  l)a(l IIO(! (I[!sigtl su[licicllt,  to aclli(!v(! di{;-
p,ill:,, Sillll])l(! :Ic(][lisiiio)l , iil)(l I{ AC, i~]l(l S’J’l) ])()-
sil io]]i]t~;

lJOl\r-lll;  lSS gl’ill)llil (!-(!  l)OS)r  tlll)lllill’ litllw;

,Ioit,l ac(lt:it(ns  co]lsisiilly, of l(nv-]mvw (3.2\Y)
tr]otors  wii]l t!~f(hsfa~,(:  s])(xd wdu(.  t,iml (J)l:ill(ta!y
g(’:11 ])lus  II;lrlti(]lli(:  (lriv(’)  10 a(lli(,J’(! l(m’-If Iass
writll  IIip,l]-t,oqu(, (N1(  1~(1(;

(;a])tll)ili(y  of (Lxcr(illp, ~]]) (() 1 i’ON f’(mr at tl]c (]](1-
(111(  ’(l(H for (li~,p,  i]lp, uit,ll l]]) 10 800 NT” fol li]j])il)g,
trill) tll(’ tillcs ill svl(x:l,(, (l (c)llfip,(lliltic)l)s;

Nol)-l):l(l((llilr(,;il)l(  joi]}ts iliro~]g]l  t II(: msc of ]11()-
1 or (lct,(q]ts ]v}licll c:(])  1x! scl(y:t ivc]y sllllt, off 10
(’(]l]s(~l’  1,(, (,]l(~l~;). (l~lrillp,  S(,l(x,l(,(l  llliil]i])llli! toI ]rlo -

liol)s;

A(.tu:It,OI l]~ilt (,]s t () ]Ilail)tai]l  i~(l~(l~]~lt( t(,]ll])(,rtl-
1111”(’ ill 11](, (:01(1 11’lill’[i:lll  (,]]\Ji]oilltl(:]]i  ;

,Joill(  (]1((](1(’]s  :IIJ(I  ])c)((,llti[]lll(t  (w t o acllicvc I CIII

:Ilwolut, (, (()..5CII1 rcl; lt iv(, ) ]msi( iollillp, ar(wr~ic,y.

l’;l](l-(:fl~:[tol t(wls t o ]x,lf(n  III 1,)1(, vdl ious II)issioll
flll}(liolls il)(lu(litlg tl)(: li.LC, S’J’I’, stool)  fm (lip,-
p,il)g, illl(l lil](w f’ol” ri])]]it)~;;

All [) fIs(!t cll)OIt joint s() i]lilt t II(! (]](1 (’ff[’(: to] (:aII
swill{; ll)rollp,lI  illl(l r(,il(ll  l)(~l]ill(i 10 f’a(’ilililt(, sll Olv-
illg :111 a(qlli](:(l Sillll])l(!  10 111[, SS1;

(2, ?/, 2, Sillll])l(’.tJfJ)  (!)

]{i. dig. t]cl)(:ll
(T, ?/, Z,trcll(:l).(l(  !])tll,
ll”(!llcll  .l(!llgl,ll,

Ilcll(!ll.lvi(ltll,
tl”(’l)d. angl(:,
(Iig-a]l$lc)
rtl. ssi.sl](nvo

lioht,ic AHH  ‘lTask Cc)]mIIaI)(ls

l)cscri]]tioll I
Acquire  a salll])lc at location
2:, ?/,2.

l)ig  a  tl(:lI(lI st,aItilkg at

Xly, z wit,], t],~ S])(’cifi(!(l
I)al’am(!tm.

iklcn’c llIC saIIII)lc  irlto 10
sit,i(nl fm I’icwillg l)y S S 1
(’aIll(’I’a.

l)ll]tl]) tllc s:ill]])l(, into tllc
curl c]lt,ly d(!sig[latc(l ‘] ‘1’;GA
]Kllt

1 (). A ])ii~loa(l  caImcit,y of 51{g at full-a{~Il  cxt,cllsio]l.

‘1’IIc Al III (;mltro]  l+;lc!ctrmli(s  consists  of circuitry to
r(Ia(l ill dat,a fio]n tl](’ (’l Icodws aIId ])ots, I)rovi(lc cur-
1(,111  (11 i\ ’(! t () t,l]c! ]Ilot oIs, alId set, IIjot 0] ly)l(, ag(: l(!IwIs,
all(l  all 8[)32 l]iicrol)l  omss(n to (xccut(~  l(w-hd joint
s(,l-])oil]t.  COIIIIIIal 1(1 S l(w!iw(l fmlll, alId  to l)ass s(’IIsor
l(:a(lil)p,s  to, tlJ(’ (’OIlt 1’01 Soflwal’(!.

‘1’11(! (:01111”01  sof(wal(”  I(:cciw:s IIigl]-l(wd tiiSl{ C(llfl-
ll]all(ls fl(ntl tlic p, IOIIII(l  via t,ll(’ lJal Id(,I aIId (!x])aII(ls

tl)(ltl iljto (;a~tmia~]  :]1)(1  joillt-~tlotioll c(HJIIJIaI](ls.  ArIIi
joint tr:ij(rt m ics :Ir(, coIIl]Jutc(l  f(n  (!acl I IIlc)t,iO1l cmlI-

II IaII(I aII(I (HCII viii ])oi)lt is smlt to tlt(: A(;l I; f o r  cx(~-
(,.lltioll. ‘J’li(: cw)h)l soft,wal  c also II)ol]it ors t,}l(: SCIISOI
(Iitt:i for collision avoi(la]lc(!  aII(l lIaIdwiII c fault (1(!1 cc-
tioli. AI] (’xa]II])l(,  of a lligll-l(!vcl  tasl;  CO IIIIIIa II(l is to
dig a tr(’]~(11  with a S])ccific(l  dq)tl), lcIIgtll aII(l starl,illg
l(w:ilioll.  ‘J’l]c control  softJval(  cxlmll(ls tl]c (iig trm)c}l
colt)  rtla]ld rcc(:iv(d  frolll tll(! g,toulld into a scqu(IIc(l
of Carlcsiall  Illot ioli Co]lltllatlds  wl~ic.11 ZI1 e cx(:(:~lt,c(~  ill

111111. ‘1’llis ]m(wi(lcs  WISC  of  usc of  tllc ]{olmtic Arl[]
l)y Illc g]olllld o~)clator al](l co])scr~m  Ill)lillk lEilld-
Jii(l tll, ‘J ‘b l)r(n’i(l( ltlaxit t LUIII flcxil)ility, lIOWCWI,Y,  {,}](:
p,rollrld oI](’riitol lf]ay dlso Scll(l l)otll Caltcsial)  iIIId
joillt-lt)otiol]  co]t)ll]a]lds.  A sa]n]dc of so~tlc of tll(: avail-
;Il)l(’  1 :lSl<-l(!\’(~1  illl(l lo}v-level (,0111111  :11[[1s :11’(: gil~cll ill
‘1’ill)l(,s 1  ;III(I  2 ,  wsl](c(,iw!ly.  ‘1’11(1  hf\~A(~S ]{ol)oti(:”
A]l)) (m]itrol systclll  is (I(]jict(d  ill IJ’igtlw  2.

3  Kincnnatics

Sill(:(!  t,ll(: M\) A(; S l{olmtic  ArIt I has (nlly  foul (]c-
p,l (’($ of fl (Wl(n]], Colt] ])](’tc S])ccificati(nl of t,llc (;:1] t,(>-
sial) ])osit  iol! m](l (ni(:lit  at iml of tjllc! (ml I (IIIt  tool flalll(!
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‘J’i~l)l(’  2: illl~ACS
N: IIII(’

l“i~.ll 10\)(!.(  :ill’k!Siilll

(:/”,  ?/, 2 , 0  I (/,1”(![)

I ;l.lllc)i~c:.j(jillt

(jll ,ju,jl 3,jt4 ,Il!r)

lo])otic Ant] hfov(!  (;OIIIIIHII1(]S
l)(:sui]]ti(nl

M(nv 111(: tool” to tll(: d(si~-
IIili(h(l  ]Jositiml. If tool= I{AC;,
:1., y, z is 11](’  ta)gct locat ioli all(l
d: (listall(x: f’toltl tl](! I{AC to
tll(! tal’p,(’t . l’(!f: Wol’](1 al )s(1111 t(’

I w(n  1(1 Iclat i\w I t 001

Nfov(, tlI(: joints 11](: (l(,sip,tlat(:(l
l)ul])l)(!l  of la(lialls  0] s(xw)(ls.
l(!f = :I}m)lllt(:  [ ldati~’(! I tilll(:

is 1101 ]mssil)](:.  011(:  ]]]llsl (’ll(xw(! Irlli(:ll  f(jllr  (l(,~;l(x:s  of
ft(w(lml]  (N1( of’ t 1](! six (Iq)] (VS 1 IIat (:olil])l(t(’ly  slm”-
ify t 11(! ]mit ion and ori(:llt:lt ion of tll(! tool ftaln(:. l~ol
(’ii S(’ Of ()])(’l”ilii()ll l)J’ 1 II(! 11 S(!1”, tll(! 4-J)OI’” I’(’])l’(w!lltil  -
tiol) WilS (:II(M’11 :1S X = [W y Z O]Y’ 1! ’11(! 1(’ [X :1 Z]q’ i s
tll(: ~;ar((’sial]  ])ositioll” of tll(, (mip,ill of tll(: loo] f]alllo ill
tll(: Jvol 1(1-( ’()() 1’(lillilt(! S} ’$t(’111  illl(l O is tll(! :\llgl(’ wlli(ll
111(:  tool” ;l])])l”()~l(:ll  V(’C1OI”  lllill<(!S writ]l tjll(! W’()] 1(1 ~:-?)
])lilll(!  (])ill’;lll(’l to tll(’ l,tlll(l(’1’  (l(!Ck).  lb]’ (! X;IIII])I(!,  i f
(m[’ (I(v+ims to ills(:lt tll(’ S’J’I’ into tllc! P,IOUI)(I  ]m])mI-
(li(’lll ill’ t (1 il, 011(! Wolll(l  S(’t 111(!  t 001  (’(][ 1:11 1 0  tll(! S’1’1’
~111(1 s])(:(ify  X =- [x ?) 2 7r/2]  7’. lii  IIIIC assigt)lll(!l]ts
f(n tll(:  IIlillli] )llltltol”  ilrc! ~,iv(:]l  i]) l’i~)ll](: 3. l’klcll of

tll(: 1 0 0 1  f’1:1111(:  al)  I)m:I(lI  (2) \wto]s i s  ortllogo]lal”  to

tfI(I  ]ot:lt io]l :Ixis of t }Ic wrist, joil]t so that t IIC d(:sil(!(l
01 i(~llt,:lt,iol] is :l(,lli (!\rill)l(!. 011(1 cx(:c’l)tio]l is tll(: I{ AC;
,lli(ll is :Itt:l(”ll(!(l tO tll(’ f’ol’(’:11’111  illl(l, 11111S, 111(’1(’ ill’(’

O]lly tlll”(’(!  (1( ’gl’(x!s  of f’1 (!(’(10111,  IJol” tll(’ I{ AC> tll(! 11s(!1’
(n)ly s]](’(:ifi(w tll(’ (I(++il  (’(1 ]xwit iml of 111($  100 I fl’illll(! :111(1

]Iot ()]i(:]lt:iii  ()]].

‘1’1)(’ h!f\~A(;S  4-l)olI”  ]]]iillil)l]l{]to]  l) I(!s(:IIts  {I 1111-

II SII:I1 i]]v(wc lii]lctll+lti(’s  ])ml)l(~]]l. A  ty])i(:a]  ]I)(~tlI(Kl
f(n sol~illg tl]( itlv(m(: ki]lcll]zlti(s  f’(m a &l)ol’” lll:llli])-
(Ii; lt(n is to (olli])llt(: tl](, (I(wir(!(l  locati(jll of 111(!  lvlist
f’l:llllc, fl’olll 111(’  s])cuific(l l)osit io]l all(]  Oli(,lltilti(l]l of 111(!
tool”  fl’illll(! ;111(1  t 1](’11  11S(’  g(xnll(dli(: 1]1(’tllo(lS  to SOI\’(! fol”

111(’ iiwl  tlll”(’(’  joilits  f’()]l(nv(’(1 I)y tll(’ lilSt  tlll(’(’  joillt,s
[ 2 ] .  17(,]  t, 4-1)01” ,]l:~]li],lll:il(,l witl, (Jllly (,11(!  Oli(!Iltil-

tioll ;IIIp,l(, s})(,(:ifi(xl, (11(! [ll)()\’(’  111 Ctll O(l f’ilil S sill((: 011(”
(10(’s  l]ot II:IV(! tll(! f’1111 lotiltioll” IIlatlix  Of tll~ tool” fl:llll(!
illl(l (’ill 11 lot (’olll})llt(} tll(, lvlisl fl’illll(i locaii(nl.

III 11](: hl\~ACS  C;ISC, lI()\v(wLI, it is ]mssil)]c to sOIV(:
(Iir(,(t]y for joint  1  frolll tl][’ S]x!(:ifi(:(l  to[)l-fl’illll(! ])()-
sit, ion Ilsitlg  g(~oll)c,tli(: t,(dllli(]u(~s  sillc(:  1,11(’ l:ist  Illlcw
joitlt /lX(tS  ;11’(!  ]):ll”illl(!l ill](l ol’tllo/,OIlill  t o  tll(! ilXiS o f

joirlt, 1. 01](I (;III t,ll(ql soil’(! for t II( ~vlisl  ]msitio)l  fro]])

“’J)4  z “’]), .,.1 - “’l{44p1,,ol (1)

“)-!l(!l(:  “1)4  i s  t,l](:  wrist IO(illi(lll, “1/4  is tll(! l’(~t iitioll

IIlatrix of tll(: wlist, 4f~Loo~ is tlt(! v(!ct (w flwt I t,l]c wrist-
ftalllc  migill to (1)(!  t Ool-flalllc origi]l cxjn cssd ill tlic
WJ ist fraltl(!,  aIId “ptoo~ is tllc (Imid ~msitiml of tjll(:
tool ill Iiroll(l-ft;ll)l(”  cmnxlillatm. l“I’O 111 tll(’ fol’\vald
kill(:lliatics,  vw g(:t

I

C~ C2:+4 ‘“ .~ 1 r!] S234
tl, ](4 , s] C234 q SI S234

)

(2)

- S234 o C234

Wll(!l (! s~ = sill(>~q~),  c~ : cos(>;qi),  qi is IIIC ith
joil)t  al]p,l(:, al)(l qz -1 q~+ q~ = “Otc)o/ - 40, C,0!-I  7T/2,
“’OI{, C,l is tli(! s]mifi(:d  tool-f] aln(: w imltati(nl  allglc all(l
401 0[>1 is tfl(: ali~,l(:  fmlll tllc wlist-ftalfl(:  x axis to tll(:
t(ml-flaln(’ 7 axis al)out  Illc lvrist-fla)tl(: y axis, N’ow
Illnt 11](: lvlist  ]msitiml is ktlow, ml(: call usc stall(lad
g(’oltl(tric t(:clllli(lues to solw f(n mllailli]lg joint  all-
p,l(’s.

‘J’l Ic I{A(; ]jl(!smlts a  ulliqllc illv(:l s(: killmnatics
])101)1(:111 a s  we l l  Sillu’ N’(I  (xtllllot s]]ccify Id]] its lo-
(at ion all(l (nim]t  ati(nl. IJul tll(wllol(:,  it would  diflicult
f(m tl]c ()]wator  to s]mify tll(! locati(n] o f  tll(: I{AC
giw,ll that tll(: l(watioll of tllc targd to })C iltlagd is
kl)(m’11.  ‘Jb IIIalW it easy WI tllc ol)crator  V’lI(!II  tlic tool
is s(![ to I{ A(; , (h~rt(siall  IIlotioll” (:()]n]tlnllds  arc i~ltcr-
])I(W’(1  as [2: ~ z] “ lwil)g tlll(: locatiol]  of t}ic tjaq!,(:tj  to
IN illlap,(:(l a]](l tll(: fourth (’l(!ltl(:lk, d, as tile (Iistall(x’
fro],] tfJ(: I{A(; tot II(! t arg(:t. ‘lb solw tllc illwlsc kill(,-
IIlatics, tll(, f(dlmvillp,  IIldl](xl is usc(l:

1.

2.

‘3. .

4.

4

l{(:(lcfirl(’  tllc f(mal  Iri to 1)(: tll(’ lillc flotll tll(’ Cllmv
joint to tll( t alg(:t ~vII(~]l t II(: I{ AC; :]])1)] oil(ll ~(~to]

]millts at tll(, target a]l(l col[llmte  its lc~lgtl] fmr)
d  all(l tllc  al’111 &coIll(!tly;

S(!t,  “’])4  to 1)(,  tli(! tal~(:t  locatio]);

S(dw fw t,ll(~ tl]m(: joint allglcs usillp, s(al]dad  p,e
ol]l(’tric twlllliq(l(,s;

Colll])l]t(” ail a(ljllstlll(vlt  to [Is fI’oIll  d and tllc :11111
g(’olll(’t  1 y 11(’c(%sal’y  1)(’(’.311s(’  of Stq) 1.

‘J’rajmfmy  1 ‘Ianning

‘J’lIc l{ol)otic AIIII l]as tll(: ca]ml)ility to (vwcutc Imtll
Cart(sial)  all(l joint  IIlotioll  co]rIIIIaIIds.  ~klrt(!siall ]tI()-
1 i(]ll m]] 1)(: c’x])mss(d  a s  aldut(: (n mlativ(: IIlotiml
ill tll(’ lvol 1( I fl”illll(!  or as tool-f l’alll(”  IIloti(n].  l(llltfl(!l”-
]1]01(’,  st raigllt-lill(’ o] joitlt-illt(’ll)c)latc(l Il)oti(nl call Im
S}wcifi(!d,  ,loill{-slm((, IIlotioll (Ol)lltlall(ls (’all 1)(: f:ivml
as aldut(, joint  allgl(’s, a s  r(!l[itivc  joilit  allg]cs  wit]l
m+]wct  to tflc ullr(!llt  joint ]msitiol]sj (n’ as tilll(d 1110-
iioll. 11} o] (1(’1  to ])lmwlt  t 11(, an[i f] ml] IIlovillp,  too
fill :!11(1  ])ot (!llt iillly (laIllagi]lg 1 ,all(lcl llald\\’ar(:  ill t,llc



CV(!II(  of loss  of”  coItl]]lu]li(.;tt io]t b(!tw(:(III  t,l I(, A(;II}  a]i(l
11](I  (01{ d soflNr;ir(I, a s(!qu(’llcc!  of via l)oillts is (:0111-
]Illtt,(l  f’ol :Illy IIlotiol)”  (0111111  ;111(1  :(]1(1  only ilft(’1’  1}1(! :11111

11:1S  l]cdrly r(!d(ll(:(l  1,1)(:  cilrl(:lll lria l)oillt is 111(: llcxt, \riil

])oil]i,  S(III1  1() 1,11(  .4(; ];. ‘J’]llls, t,r:lj(,ctoli(,s  +Iw p,(III(:I  ;lt(,(l

:1S i] s(~(lll(!]l  (’(’  of l)oil)ts i]l S1):l (’(, ()]lly :111(1  IIot ill tiIl) (,.

‘J’11(, 011(, cxc(,l)t,io]l is tll(: t,illl(xl joillt,-I]]ot io]l cOIIIIII:III(IS

ill Jvlli(”ll  tll(’ o}mtItoI  CaII CO II II IIa II(l (’:1(:11 joi]lt  to II I(nr(I
f’(11 >1 sJ)(vi[i(,(l  illllolllll of t,ir])c ill lvllicll (’:1S($  tll(: p, Cll(,l-
al (’(l tr:lj(,(:tory is a s(qll(,]](.d  of l’ia l)oillts ill t,illlc ol]ly
illl(l 1)()( ill .SJ):I (’(’.

‘1’11(’ IIlillli]  )lllillol”  joints IIill’(! IIip,ll  g(!:ll” l:itios  ~11(1
joilll  v(’lo(it  i(,s at (, slow (O*, t 1,(!  (),(1(!,  of t,l,tl,s of a d(-
/,1”(’(! ])(’1”  S(’(’011(1). 1 )ulillp, S])ilti:ll :11]11  IIlot,io]l” at l(,ast
oli(, joilll i s  l)lovillg at, ils IIldxilt)llll)  velocity. ‘1’1)(!
r(’lll:li]lilt~, joi}ll v(:lo(.iti(w ar(~ ~l])])l”()]  )1’iill(!l~  S(’a](:(l  10
:I(l)i(nr(’  (oor(li)); ll(:d IIlotioll.” 1~’ol  lil]i(,(l joint, ltlot,iolls, ”
i II(’  o l)(’ later”  (:]1] s(’t tl)c II)ot(n w)ltag(’s as (l(,sim(l
wlli(:ll uil] (I(:t(’rlllill(,  Illc joint v(:loc.it,i(:s.

IPol”  ~;all(:si:lll l,i;] s(’(jll(vl((: g(:tlcraiiol), tll(
1)()(111(1(,(1-  (l(!\fiilli()ll joil)l-1):1111  lTIC1,l  I()(I ill [3] is Ils(!(l,
-tTllis illp,ol’illllll is l)dsi(::ll]y  a 1(’(llrsit’(! l)iscclor  IIldllo(l
for fill(lillp; tll(’ vi;] l)oil]ts. ‘J’IIc stlili~,l)t-lill(l ~;;l)t~siii]l
l)osit,ioll”  ~11, tlJc II)i(ll)oillt,  is (oltll):ir(:(l to tll(: C:lltcsi:lll
l)(witioll (:[l(lll:(t (xl tit t,ll(: IIli(ll)oillt  of 111( (Oll(w})oll(l-
illp, joil)l  sJ)a((’.  If’ 11)(!  (II ]()] (’x(”(:(:(Is  a Sl)wifi(!(l  alt]ou]lt
(S(!t to S]1,;,11(1  tll:lll 111(!  rc(llli]((l il((lllJICy),  tll(! ]):ltl]

i s  (Iivi(l(,(l into lw() s(’p,tll(vl(s ;Ill(l 11](I  al~,orilllll) (x(I-
(“11(  (’(1 f[)l”  (}il(”ll  S(’~,111(’llt . ‘J’]](!  1)]()(:(ss collli]l(l(’s  ullti]
tll(’ (:1 ml litllit  is s:itisfi( xl.

Sill(:(, w: l(,(llliw ]’i:i s((lu(ql(illg  fol l)otll S]);lt,iill  ;Ill(l
1 ill)(xl ,ioilll-ltlotioll  ((); II] IJ:I]I(Is  as JY(:II,  a sill)ilar al)-
])] oi\(ll is l,+]k(,ti  t () g(:]](~]iii,(:  tll( ~,iii s(,(]lI(!IIc(!.  ‘J’II(!  :11-
~,01 itlllt) is :M foll(nvs:

1 ,  S101(” tll(: curl(vlt l)osilioll” as tl](’ fiwt
(fo) li])ld ],1OWW  11,(,  sl;lltilig vi:, is sd

9. (k)]l]l)ul(~  tl)(, joillt-ltlotio l)” IIli(llmi:l(;

\’iil l)oillt
1[) z(w);

3. 1(’111(, ;IIIIOIIII1 (i [I)(,joilll IIiot ion m(w(ls  t IIc’ s})(l(:-
ifi(xl lilliil,  (:xLI(IItc  s[(q)s  ‘2- II fol 111(:  t w() s(:p, tllc!]lt,s
(St ill t l)c,il,t, ,I]i(ll)oil)i  ) ,11)(1 (I]li(llmi,ll, C,,(I l)oi]lo;”

4 .  1’}1s( st ()](,  111(’  (’])(1  l)oillt iis 11](: 11(x1 vi;] l)oillt.

‘1’11(’ lil)lit illl(l t 11(: altlollll[  of joint n)otiol) is Sl)(wifi(,(l
Iis :i sillgl(:  11)(’lri(:  all(l is ](~l)](,sc!]ll(~(l  l)y I I(]1  I wII(:M:  q
is 111(’ joilll, J’(x:lol”  i)] l’:l(liill)S 01 s(Kol I(ls.

5 C[)lllfl”ol  Systc!m

111 :Id(liti(nl to til Sk (,xl):~l)siol) /111(1 11’ilj(’(loly  p,oll(,l-
~ltioll, tll(~ l{ol)otic AIIII  co IIt Iol so ft,wal(: also IIlolli{,ols”
])1’op,l  (!SS  of t 11(!  ill’111 t,()\v:ll’(lS  its (C)llllllilll(l(  !(l via l)oillt

as udl as joitlt tolqu(! :ill(l 1 ,a]l(l(:] t ilt-rtloln(:~lt litll-
its. (;ollll)(lls:itioll” is a l)asic l)lol)c)ltic)~lal  (:0111]01  [4]
s(ll(,l]l(:  l{rit,li suflicic!]lt  ~ail) sllcll tllilt at 1( ’:ist OII(! joint

ll)otor”  w)lltigc  is saturat(d so t]lat IIlaxilllultl  vdocity
i s  a(lli(’w(l ul)ti] tllc  aIIIl  .31)1 )ma(lIcs  tllc s e t  l)oillt, at

]vllicll t  i][l(’  tlIc :11111 v(,lo(’it,y  d(wmscs.  ‘1’lic rollaitlillg

IIlotol” voltag(s  alc scald accodillgly usitlg tll(, scale
fil(’tol” COIII])lI1(:(I  fl”olll 111(!  Sat (11’; ltC(l joint IIloto]’” (S(:~l(’
fa(:to]’  : IIlax  1110101 volt  :lf>c/colI)~)Llt  (!(l  Vohgc).

l)uc to tllc IIigh gear latim, it is })ossil)l(! for Lllc
lllotols” 10 (!X(T1  Cllouglt to] (111(: to (:xc(wl tll(’ Sl)wifi(!(l
toqll(’ lil])its of tll(, IIarl[lollic  (Irivcs. l)ulil]g  fm-s~)ac(,
:11111 lllotio] l,” tl](’ lwI(I  0 1 1  t,llc joi]ltls \vill ]lot. (wc(!(:(I  tlI(I

to](]ll(:  lili)its. 11 ONY!IW, (Iurillg (Iigp,illp,  it is l)ossil)l(:
to (’xc(d tl)c lill)its if tll(~ ltlotiol] of t,ll(, (:1](1  Cflw(,or  is
iltl})(dcd l)y ] ock, ice, or IIad soil. l“urt II(!r]l)om,  U] I(ICI
tll(, })w(wlillg  coll(litiol) i]) (:(,ltaill ill’111  col)figlll:it,iollsl”
it is ;11so l)ossil)l(” for t,ll(: anti to (Ixd c]loup,ll fore: al](l
t 01 (111(: 0]] tll(: 1 ,a]l(](:]  to tilt it; vi7,., IIigll (nlougll to lift
011(” 01” 11101 (’ fo{)t]lilCIS off tll(’ p,l”oulld. It is Cl it,ical t,ll:tt
joil]t tolqu(w 1)(: II)ollit,ol(!d  to a s su re  t]lat  daTIIap,(: m
tiltill~, IIot occur.

‘J’IIc M\rACS l{ol)otic.  AIII]  is Ilot u]uil)])d  writ,]l  a
fol C(’-tol’(JU(”  S(’1)S01 , 1)111  t,ll(!  Illotor cl]] I C!Ilts  all! S(!llsc’(1

so it is })ossil)lc to vstilllatc  joint tolqu(:s  w}]cl)mw  tllc
II)otol”s [II c ()]) usil)p, t II(, lnot,ol” t,mqu(!  Colmtallt wllidl
is ]I(,;Irly lillcal.  IIou’c!v(,]) irl(livi(llml lllotols  aw t,u)ll(:d
ofl” to (olls(:rw  C]l(:rp,y wll(:llm~(:l t,ll(:y  ar(! not, lIC(:(IWI to
(’x(’cut(!  tl](: s])ccific(l  IIlotioll” cmtlllkali(l. h;. g., during
(lip,p,  illg tllc azilllutll  ]Ilotol” (joint 1)  is  ]]c)]]l]ally  ofl”.
11 is l)ossil)lc, IIowr(nw,  to collll)ut c tll(: full s(!t c)f joilit
to] quc’s fl 01]] tllc l[lot 01 (:urwllts  of tll(: acl,uat(:(l joillt,s.

I)(’fill(!:

7/

J:
j=

T

?

f:

\\’(! (’;111 @

tl]c ]IllIIIlm  of actuat(xl  joillt,s
4-1)01’”  IIlallil]ulatol  ,Jawl,iall < IR4X4
t }](,  (OII]IIIIIS  of J associat(!(l  wit,]l tllc
acluat(d joints C ltPx’L
fllll set joint tolqllcs  C W
actuat(d joil)t  tmques E IW’
cxm((d  (nl(llmitlt f(wcc c IR4

tllc joint toqucs fol t,llc act,uatc(l joi~lt,s
flol)l tll( S(]IS(ICI  IIlotol” cul)mitls. Sillcc tll(: aIIII lIW lmv
lllil SS, IIigll g,(:al ratios)  :111(1  lllol~cs Slov,lyl  \vc: call safdy
ip,llol (’ tl)c ncccluat ion, Co)iolis,  ccllt lilx!t)al, aIId  glav-

ity (lyll:illli(s as t }Icy N: II] (wilt o]]ly a sltlall ~)ortioll” of
t 1](: joint toI quos \vl IeII tll(, li)llits  arc l)cillg a~)l)macl)d.
‘J’]](, ] cI:I1 iollslli]) l)et~$,(x!ll  t}l(,  a~tui]t C(1  joint t, OII:JuCs
a]t(i 11)(: force at t,llc ml(ll)oillt,  is [5]

+ = J-~’

f. (3)

‘J’11(1  solution tO (3) is [6]

j ~ .i~’#6  -i (14  -  .iy’$J.i’J’)c (4)
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